A mild gasification process has been developed to provide an innovative form of clean coal technology, which can be utilized to build a new, highly efficient, and compact power plant or to retrofit an existing coal-fired power plant in order to achieve lower emissions and significantly improved thermal efficiency. The core technology of the mild gasification power plant lies on the design of a compact and effective mild gasifier that can produce synthesis gases with high energy volatiles through a hybrid system: utilizing the features of both entrained-flow and fluidized bed gasifiers. The objectives of this study are to (a) describe the features and design considerations of this mild gasifier and (b) develop a multiphase computational model to guide the design of the mild-gasifier by investigating the thermal-flow and gasification process inside a conceptual mild gasifier. Due to the involvement of a fluidized bed, the Eulerian-Eulerian method is employed to calculate both the primary phase (air) and the secondary phase (coal particles). Multiphase constitutive equations developed from kinetic theory are employed for calculating the effective shear viscosities, bulk viscosities, and effective thermal conductivities of granular flows to simulate the hydrodynamic and thermal interactions between the solid and gas phases. Multiphase Nativer-Stokes equations and seven global reaction equations with associated species transported equations are implementd to simulate the mild gasification process. Part 1 of this paper documents the design principle of the mild gasifier as well as the development of the computational model starting from single phase, then using multiple phases, and finally including all reactions in the multiphase flow.
Subscript i reactant i j product j r reaction r Figure 1 presents the typical stages of coal gasification. The gasification of coal particles involves three major steps: (a) thermal decomposition (pyrolysis and devolatilization), (b) thermal cracking of the volatiles, and (c) char gasification. Coal particles undergo pyrolysis when they enter the hot combustion environment. Moisture within the coal boils and leaves the coal's core structure when the particle temperature reaches the boiling point. The volatiles are then released as the particle temperature continues to increase. This volatilereleasing process is called devolatilization. The long-chained volatiles are then thermally cracked into lighter, shorterchained volatile gases, such as H 2 , CO, C 2 H 2 , C 6 H 6 , CH 4 , etc. These lighter gases can react with O 2 , releasing more heat, which is needed to continue the pyrolysis reaction.
INTRODUCTION

Coal Gasification
With only char and ash left, the char particles undergo gasification with CO 2 or steam to produce CO and H 2, leaving only ash.
The heat required for the pyrolysis and devolatilization processes can be provided externally or internally by burning the char and/or volatiles.
Devolatilization
Devolatilization is a decomposition process of hydrocarbon materials when coal is heated. Devolatilization rates are influenced by temperature, residence time, particle size, and coal type. The heating causes chemical bonds to rupture and both the organic and inorganic compounds to decompose. The process starts at a temperature of around 100°C (212°F) with desorption of gases, such as water vapor, CO 2 , CH 4 , and N 2 , which are stored in the coal pores. When the temperature reaches above 300°C (572°F), the released liquid hydrocarbon called tar becomes important. Gaseous hydrocarbons, CO, CO 2 , and steam are also released. When the temperature is above 500°C (932°F), the fuel particles are in a plastic state, through which they undergo drastic changes in size and shape. The coal particles then harden again and become char when temperature reaches around 550°C (1022°F).
As heating continues, H 2 and CO are released through gasification. The pyrolysis conditions affect the physical properties of chars. It is reported that the heat transfer coefficient decreases 10 times during fast heating of the coal particles mixed with a hot solid heat carrier. This reduced heat transfer rate to the particle surface results in a temperature plateau on the level of about 400°C (752°F) and lasts throughout devolatilization process.
In general, the larger the particle size, the smaller the volatiles yield. This is because in larger particles, more volatiles may crack, condense, or polymerize, with some carbon deposition occurring during their migration from inside the particle to the particle surface. High pressure has a similar effect on the devolatilization rate. Anthony et al. [1] reported that devolatilization rates are higher at lower pressures. An increase in pressure increases the transit time of volatiles rising to the particle surface.
Types of Gasifiers
There are many types of gasifiers. The operating principles of two commonly used gasifiers (the entrained-flow and fluidized bed gasifier) are used in designing the studied mild gasifier, so only these two types of gasifiers are briefly introduced below.
Entrained-Flow Gasifier
In the entrained-flow gasifier, a dry, pulverized coal, an atomized liquid fuel, or a fuel slurry is gasified with oxygen (much less frequent: air) in a co-current or counter-current flow at a speed of 10-15 m/s. The gasification reactions take place in a dense cloud of very fine particles. Most coals are suitable for this type of gasifier because of the high operating Copyright © 2011 by ASME 3 temperatures and the high heat transfer rates to the individual particles, resulting from that fact that the coal particles are well separated from one another. All entrained-flow gasifiers remove the major part of the ash as a slag because the operating temperature is typically well above the ash fusion temperature. A smaller fraction of the ash is produced either as a very fine fly ash or as a black ash slurry.
Fluidized Bed Gasifier
In a fluidized bed gasifier, air or oxygen is injected upward at the bottom of a solid fuel bed, suspending the fuel particles. The fluidized bed acts like a multiphase, granular flow field. The fuel feed rate and the gasifier temperature are lower compared to those of entrained-flow gasifiers. The operating temperature of a fluidized bed gasifier is also lower: around 1000°C (1830°F), which is roughly only half of the operating temperature of a coal burner. This lower temperature has several advantages: lower NO x emissions, no slag formation, and low syngas temperature, which can result in a cheaper syngas cooling system being used prior to gas clean up, meaning higher cycle efficiency. Fluidized bed gasifiers require a moderate supply of oxygen and steam.
Complete, Partial, Full, and Mild Gasification
For clarification, the terms of full, partial, and mild gasification are defined below:
Complete and Partial gasification describe how much char is left unreacted. Complete Gasification implies that all the char is completely gasified, while Partial Gasification indicates that a portion of the char is remained unreacted.
Full and Mild gasification describe the level (i.e., the products' molecular weight or length of molecular chain) of thermal cracking, which is typically affected by the temperature level and residence time of reaction. Full Gasification indicates that the feedstock undergoes complete de-volatilization, gasification, and thermal cracking into a composition consisting of light species like CO, H 2 , and CH 4 as the major combustible components of the so-called syngas, while Mild Gasification preserves the heavy volatiles without further thermally cracking the volatiles into lighter components. To be specific, the operation of "Mild Gasification" refers to controlling the temperature and residence time to achieve varying levels of gasification between pyrolysis-only (0% gasification) and full gasification (100% gasification). It is a comprehensive process to design such a gasifier that can control the level of thermal cracking that occurs.
MOTIVATION AND OBJECTIVE
The sole function of all of the gasifiers used for electrical power generation is to produce syngas, consisting of light gases such as CO, H 2 , and CH 4 as the major fuels. The major reason for wanting to produce light gases is to avoid condensation of tars or heavy volatiles in the gas cleaning systems, which are usually operated at temperatures lower than the volatiles' dew points. Therefore, if gas cleaning can be performed at a temperature higher than the volatiles' dew points, it becomes interesting to investigate the feasibility of producing mildly-gasified syngas with a large portion of this syngas consisting of heavier volatiles with higher energy density to save the energy consumed for thermally cracking the volatiles to lighter gases. The recent successful development of a pilot gas cleanup system by RTI International in Eastman's coal gasification facility in Kingsport, Tennessee with support from the U.S. Department of Energy [2] provides the necessary technology breakthrough to utilize the mildly-gasified syngas studied in this paper. This system could remove sulfur, ammonia, mercury, arsenic, selenium and chlorine at temperatures between 600 o F and 1000 o F. It will be a great achievement if all the operating temperatures can be above 960 o F ---this is the temperature above which almost all the volatiles will remain in the vapor phase. The RTI warm gas clean up system has been incorporated into the Polk Power Station IGCC plant in Tampa, Florida for commercial testing [3] . The conceptual system diagram of an integrated mildgasification combined cycle (IMGCC) is shown in Fig. 2 . Note that IMGCC is different from the conventional partial gasification system, which uses a carbonizer to produce the char, in that it uses large amounts of energy to thermally crack the volatiles fully to very lighter gases instead of preserving the volatiles and gases with higher-energy densities. In addition to the energy savings, there are several other attractive advantages for using mildly-gasified syngas: since a typical mildly-gasified syngas contains approximately 6 times more energy than a fully-gasified syngas, the sizes of the mild gasifier and gas cleaning systems can be shrunk down by about 80%. Then, the remaining unreacted char can be used in the boiler of a conventional pulverized coal (PC) power plant with negligible sulfur content (See Fig. 2 ). This advantage leads to the possibility of using mild gasification technology to retrofit existing PC power plants by replacing the coal feedstock with the char produced by a mild gasifier. The mildly-gasified syngas can be burned in the gas turbine after it goes through the gas cleaning systems. The exhaust of the gas turbine can produce steam via a heat recovery steam generator (HRSG) to produce steam to generate electricity via a steam turbine, like a traditional combined cycle. Only this time, the steam produced by the HRSG is mixed with the steam produced with the boiler Copyright © 2011 by ASME 4 of the existing PC plant operated in a Rankine cycle. This retrofit can significantly increase the plant efficiency from about 30% to 50% (HHV) as well as drastically reduce the emissions per kW output because the syngas can be cleaned before combustion more economically than is possible after combustion due to the low volume flow rate of mild-gasified syngas and increased overall cycle efficiency. Furthermore, the scrubber of the original PC plant could be removed, reducing the overall plant operating and maintenance (O&M) cost. This approach was first proposed by Wormer as the Mild AirBlown Gasification Integrated Combined Cycle (MaGIC) [4] . However, in MaGIC, the gasifier is operated under the airblown condition without using an air separation unit (ASU). In an IMGCC system, either air-blown or oxygen-blown operation can be implemented. The core technology of the mild-gasification power plant is a compact and effective mild gasifier that can control the level of thermal cracking that occurs. This need motivates this study with the objectives to (a) discuss the design considerations and describe the features of this mild gasifier and (b) develop a multiphase computational model with chemical reactions in granular flows to guide the design of the mild-gasifier by investigating the thermal-flow and gasification process inside a conceptual mild-gasifier.
DESCRIPTION OF THE STUDIED MILD GASIFIER
The conceptual design of a 100kW, laboratory scale mild gasifier, as shown in Fig. 3 , is a hybrid system which combines features of both an entrained-flow and a fluidized bed gasifier. The entrained-flow feature is characterized by the centralized draft tube. Through the draft-tube's bottom inlet, coal and a limited amount of air are introduced to produce heat, which is used to drive out the volatiles during the journey moving upward through the draft tube. Surrounding the draft tube is the fluidized bed. The draft tube is 4 inches (10.15 cm) in diameter to prevent the volatiles inside from contacting the oxygen in the fluidization air in the fluidized bed, but this setup allows heat to be transferred from the draft tube to the fluidized bed through the draft tube wall. Above the draft tube, a deflector 8 inches in diameter is installed to block the particles from being entrained out of the fluidized bed. The height and width of the bench-top mild gasifier is 34.25 inches (87 cm) and 18 inches (45.75 cm), respectively. There are three velocity inlets, two for the fluidized gas and one for the coal and transport gas. The diameter of the left and right horizontal gas inlets is 3 inches (7.65 cm) and the vertical coal inlet is 2 inches (5 cm) in diameter. There are four outlets, two for char and two for the produced syngas. The diameter of the left and right horizontal syngas outlets is 5 inches (12.7 cm) and the char outlet is 1.5 inches (3.8 cm) inclined 45 degrees. The fluidized bed is 10 inches (0.254m) deep. To create fluidization inside the gasifier, a total of 28 perforated interior surfaces of 0.15 inches (0.38 cm) diameter each are created side by side, equally spaced. The computational model developed in this study will be used to guide design iterations of this preliminary conceptual design in the future. 
COMPUTATIONAL MODEL
Computational Fluid Dynamics (CFD) is an economical and effective tool to study coal gasification. Coal gasification is a multiphase reactive flow phenomenon. It is a multiphase problem between gases and coal particles and also a reactive flow problem, which involves homogeneous reactions among gases and heterogeneous reactions between coal particles and gases. The Eulerian-Eulerian method is adopted in this study because the concentrations of coal particles are dense in the fluidized bed and tracking each particle with the Lagrangian method is not practical given current computational capability. Furthermore, the available correlations describing the interactions between particles and gases in the Lagrangian method are all limited to a single particle or very diluted particle concentration conditions and they can't be used for very dense condition in a fluidized bed. In the studied mild gasifier, even though the condition inside the draft tube is similar to an entrained-flow gasifier and the LagrangianEulerian method could be used here, however, since the Lagrangian-Eulerian method can't be used to obtain a solution within the fluidized bed, while Eulerian-Eulerian can be used in both the entrained-flow and fluidized bed portions of the gasifier, employing the Eulerian-Eulearian method is believed to be the most appropriate choice.
The solid particles are placed in the domain of the fluidized bed like a bed of granular material. The mixture of the gas phases of different species passes through this bed and converts this granular material from a static solid-like state to a dynamic fluid-like state. This process is known as "fluidization". Both homogeneous (gas-gas) reactions and heterogeneous (gas-solid) reactions are simulated in this study.
Model Development
Due to the complexity of this simulation, this study is performed by starting from a single phase, then using multiple phases, and finally including all reactions in the multiphase flow, using the approach given below:
1. Single gas phase of thermal-flow behavior (no solids and no reactions.) 2. Single gas phase with chemical reaction assuming instantaneous gasification (no solids) 3. Multiphase of thermal-flow behavior (no reaction) 4. Multiphase of reactive thermal-flow (complete simulation) The central-plane geometry of the 2-D Mild Gasifier used in the simulation is shown in Fig. 4 .
Physical Characteristics of the Problem
The physical characteristics of the problem are modeled as follows,
1. The flow inside the domain is two dimensional, incompressible, and turbulent. 2. Gravitational force is considered. 3. Gas species involved in this study are Newtonian fluids with variable properties as functions of temperature. These variable properties are calculated by using a piecewise-polynomial method. 4. A mass-weighted mixing law for specific heat and the incompressible, ideal gas law for density are used for gas species mixtures. 5. The walls are impermeable and adiabatic. 6. The no-slip condition (zero velocity) is imposed on all wall surfaces. 
Multiphase Flow Regimes
In the Eulerian-Eulerian approach, the different phases are treated mathematically as interpenetrating continua. The concept of a phasic volume fraction is introduced in this approach. These volume fractions are assumed to be continuous functions of space and time and their sum is always equal to one. For each phase, conservation equations are derived to obtain a set of equations which have similar structure for all phases. These equations are closed by providing constitutive relations that are obtained from empirical information, or, in the case of granular (solid) flows, by application of kinetic theory.
The Eulerian model allows for the modeling of multiple, separate, interacting phases. It solves a set of "n" momentum and continuity equations for each phase. Where n is the number of phases. The pressure and inter-phase exchange coefficients are coupled in this model.
Governing Equations
The unsteady equations for conservation of mass, momentum, and energy using the Eulerian multiphase model are presented below:
The continuity equation for phase "q" is
Where, q v v = the velocity of phase "q" pq m & = the mass transfer from phase "p" to phase "q" qp m & = the mass transfer from phase "q" to phase "p" ε q =the volume fraction of phase "q" S q =the source term of phase "q"
The momentum balance for phase "q" is ( )
Where, q τ , is the stress-strain tensor of phase "q" given by
The inter-phase force, pq R v depends on the friction, pressure, cohesion, and other effects, and is subject to the conditions that 
μ q = the shear viscosity of phase "q"
Copyright © 2011 by ASME 6 λ q = the bulk viscosity of phase "q" q F v = an external body force of phase "q" lift,q F v is the lift force acting on a secondary phase "p" in a primary phase "q" is computed from,
is the inertia of the primary phase mass encountered by the accelerating particles or droplets or bubbles exerted by a "virtual mass force" on the particles. The virtual mass effect is significant when the secondary phase density is much smaller than the primary phase density. It is negligible in this study. 
Where, p s = the solid pressure of the solid phase "s" K ls = K sl = the momentum exchange coefficient between fluid or solid phase "l" and solid phase "s". sl K can be written in the following general form,
Where, f = the drag function, and is defined differently for the different exchange-coefficient models, while τ s = the "particulate relaxation time," and is defined as: 
Where the subscript "l" denotes the fluid phase, the subscript "s" denotes the solid phase, and d s is the diameter of the solid particles.
The terminal velocity correlation for the solid phase "s" has the following form: For granular (solid) flows in the compressible regime, i.e. where the solid volume fraction is less than its maximum allowed value, a solid pressure is calculated independently. The solid pressure is composed of a kinetic term and a second term due to particle collisions: p s = ε s ρ s θ s + 2 ρ s (1 + e ss ) ε s ² g o,ss θ s (13) Where e ss = the coefficient of restitution for particle collisions, g o,ss = the radial distribution function, and θ s = the granular temperature. The radial distribution function, g o , is a correction factor that modifies the probability of collisions between grains when the solid granular phase becomes dense. This function may also be interpreted as the non-dimensional distance between spheres:
Where s = the distance between grains and d p = the diameter of the grain particle. There is no unique formulation for the radial distribution function in the literature, but the following empirical functions Copyright © 2011 by ASME 7 derived by Syamlal et al. [6] and Lebowitz [7] can be used with discretion. For "n" solid phases,
Due to translation and collision, the solid stress tensor contains bulk and shear viscosities arising from particle momentum exchange.
The solid bulk viscosity accounts for the resistance of the granular particles to compression and expansion. It has the following form from Lun et al. [8] :
( ) 
The collisional and kinetic parts and the optional frictional part are added to give the solid shear viscosity:
The collisional part of the shear viscosity is modeled from Gidaspow et al. [9] and Syamlal et al. [6] ( )
The kinetic part of the shear viscosity is modeled as from Syamlal et al. [6] ( ) The granular temperature, θ s , for the solid phase "s" is proportional to the kinetic energy of the fluctuating particle motion. The transport equation derived from kinetic theory takes the following form derived by Ding and Gidaspow [10] Where, h q = the specific enthalpy of the phase "q" Q pq = the rate of heat transfer between the phase "p" and "q" h pq = the inter-phase enthalpy The rate of heat transfer between the phase "p" and "q" is to be a function of the temperature difference,
Where, h pq = h qp = the heat transfer coefficient between the phase "p" and "q." The heat transfer coefficient is related to the Nusselt number, Nu p , of phase "p" and is given by:
Here, k q = the thermal conductivity of the phase "q". The Nusselt number is determined from one of the many correlations reported in the literature. In the case of fluid-fluid multiphase flows, the correlation of Ranz and Marshall [11, 12] the Nusselt number is found by:
Where, Re p is the relative Reynolds number based on the diameter of the phase "p" and relative velocity. The relative Reynolds number for the primary phase "q" and secondary phase "p" is defined as:
Where Pr is the Prandtl number of the phase "q" defined as Pr = (C pq μ q /k q ).
In the fluid-solid multiphase flows (or granular flows), the Nusselt number correlation given by Gunn [13] Copyright © 2011 by ASME 8
Where the subscript "f" is for the primary fluid phase "f" and the subscript "s" is for the secondary solid phase "s". The heat transfer coefficient is always multiplied by the volume fraction (ε) of the primary phase as it should tend to zero whenever one of the phases is not present within the domain.
k-ε Mixture Turbulence Model:
The standard k-ε model is the simplest and most robust of turbulence two-equation model in which the solution of two separate transport equations allows the turbulent velocity and length scales to be independently determined. The turbulence kinetic energy (k), and its rate of dissipation (ε), are obtained from the following transport equations:
Where the mixture density ρ m , mixture velocity m v v , turbulent viscosity μ t,m , and production of turbulence kinetic energy G k,m are computed from volume fraction and mass weighted equations.
The constants in these equations are the same as those of standard k-ε model for the single phase. C 1ε , C 2ε , C μ , σ k and σ t are constants and have the following values: C 1ε = 1.44, C 2ε = 1.92, C μ = 0.09, σ k = 1.0, and σ t = 1.3. Enhanced Wall Function:
The k-ε model is mainly valid for high Reynolds number, fully turbulent flow. Special treatment is needed in the region close to the wall. The enhanced wall function is used in this study.
Modeling Species Transport in Multiphase Flows:
The global instantaneous gasification mechanism is modeled to involve the following gaseous species: C, O 2 , N 2 , CO, CO 2 , H 2 O, C 6 H 6 , H 2 , and volatiles (CH 2.121 O 0.585 ). For each phase "q", the conservation equations for chemical species in multiphase flows can be solved through Eq. 32: the mass transfer source between species "i" and "j" from phase "q" to "p" ε q = the volume fraction for phase "q" = q i S the source term, or rate of addition of mass from the dispersed phase plus any user-defined sources R = the heterogeneous reaction rate
The species model panel for multiphase species transport simulations allows inclusion of volumetric, wall surface, and particle surface reactions.
The multiphase mass transfer model accommodates mass transfer between species of different phases. Each mass transfer mechanism defines the mass transfer phenomenon from one entity to another entity.
The general expression for the source term for species "k" in the phase "i" is given by:
Where, "γ" is the stoichiometric coefficient, "p" represents the product, and "r" represents the reactant. Calculating momentum sources is more complicated than calculating mass sources. The general expression for the net momentum source rate of the reactants is given by: 
The general expression of momentum source for the phases "i" is given by:
The net enthalpy of the reactants is given by:
In a manner similar to a previous study by Silaen and Wang [15] , seven global gasification reactions are used, including three heterogeneous and four homogeneous reactions. The volatiles are modeled with a two-step thermal cracking and gasification process via benzene (C 6 H 6 ). Their reaction rates in the form of R = AT n exp (-E/RT), are shown in Table  1 . The Eddy-Dissipation model assumes that the chemical reaction is faster than the time scale of the turbulence eddies. Thus, the reaction rate is determined by the turbulence mixing of the species. The reaction is assumed to occur instantaneously when the reactants meet. The net rate of production of species i due to reaction r, R i,r , is given by the smaller of the two given expressions below,
Where, Y P is the mass fraction of any product species, P Y R is the mass fraction of a particular reactant, R A is an empirical constant equal to 4.0 B is an empirical constant equal to 0.5ν′ i,r is the stoichiometric coefficient for reactant i in reaction r ν″ j,r is the stoichiometric coefficient for product j in reaction r
The Finite-Rate Model computes the chemical source terms using Arrhenius expressions and ignores the effects of turbulent fluctuations. The net source of chemical species i due to reaction R i (kg/m 3 -s) is computed as the sum of the Arrhenius reaction sources over the N R reactions that the species participate in, and is given as:
Where M w,i is the molecular weight of species i and R i,r is the Arrhenius molar rate of creation/destruction of species i in reaction r. The r-th reaction can be written in a general form as:
Where k f,r = forward rate constant for reaction r k b,r = backward rate constant for reaction r.
The molar reaction of creation/destruction of species i as a result of reaction r, which is Γ represents the net effect of external forces on the reaction rate.
Heterogeneous Reaction
The particle reaction, R (kg/m 2 -s), is expressed as
Where D 0 = bulk diffusion coefficient (m/s) C g = mean reacting gas species concentration in bulk (kg/m³) C s = mean reacting gas species conc. at particle surface (kg/m²) R c = chemical reaction rate coefficient (units vary) N = apparent reaction order (dimensionless). The concentration at the particle surface, C s , is not known, so it is replaced by other quantities, and the expression is recast as follows:
This equation has to be solved by an iterative procedure, with the exception of the cases when N = 1 or N = 0. When N = 1, Eq. 44 can be written as
The reaction stoichiometry of a particle undergoing an exothermic reaction in a gas phase is given as: particle species j (s) + gas phase species n → products. Its reaction rate is given as:
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and where the quantities r j, R = rate of particle surface species depletion (kg/s) A p = particle surface area (m²) η r = effectiveness factor (dimensionless) R j,r = rate of particle surface species reaction per unit area (kg/m²-s) p n = bulk partial pressure of the gas phase species (Pa) D 0,r = diffusion rate coefficient for reaction r R kin,r = kinetic rate of reaction r (units vary), and N r = apparent order of reaction r. The effectiveness factor, r, is related to the surface area, and can be used in each reaction in the case of multiple reactions. D 0,r is given by
Equation 48 is a modification of the relationship given by Smith [14] by assuming negligible change in gas density. The kinetic rate of reaction r is defined as
The rate of particle surface species depletion for reaction order N r = 1 is given by:
And for reaction order N r = 0, the rate of depletion is given by:
COMPUTATIONAL SCHEME
Computational Grid
The geometry is generated and meshed in GAMBIT Version 2.4.6, using a 2-D structured grid (Fig. 5) . For the grid sensitivity study, a total of 6,960 cells for the Fluidized Bed Mild Gasifier are employed initially (Fig. 5a ) followed by denser grids of 30,876 (Fig. 5b) and 65,355 (Fig. 5c ) cells for the final case. The y + values of the first near-boundary grid vary between 20 and 50 in the draft tube and are between 50 and 150 in the fluidized bed and freeboard regions. The enhanced-wall function will automatically fill in the near-wall turbulence structure below the first near-wall grid points.
Boundary and Inlet Conditions
The following boundary conditions on the surface geometry have been assigned. a. Velocity inlet: At all the inlet surfaces, the velocity, temperature, and the mass fractions of all species of the gas mixture are specified. b. Pressure outlet: The outlet surface is assigned as a constant pressure boundary. Pressure, temperature, and species mass fractions of the gas mixture just downstream of the outlet (outside the domain) are specified. This information does not affect the calculations inside the computational domain but will be used if backflow occurs at the outlet. The outside surfaces are defined as a wall boundary. The walls are stationary with the no-slip condition imposed (zero velocity) on the surface and are assumed to be well insulated with zero heat flux (i.e., the adiabatic condition). d. Fluidized bed -The bed is initially filled with char (C) with a depth of 10 inch. The char outlets are designed to allow controlling of the bed depth by valves. In the CFD simulation, the char draining rate is controlled by changing the char outlets' pressure values. e. Patching temperature: Akin to using a lighter to ignite combustion inside a combustor, a high temperature is needed to start (ignite) the reactions by setting the temperature of the cells near the injectors to 1000 K. Figure 6 shows the boundary conditions of the final multiphase reactive flow case. Indonesian coal is used as feedstock at the draft inlet. To simplify the simulation model, the contents of ash and sulfur are not included. The detailed inlet conditions for heterogeneous (gas-solid) reaction with volatiles are given in Table 2 . 
Numerical Procedure
The commercial CFD software package, ANSYS FLUENT 12.0, was used in this study. The governing equations are discretized spatially with second-order accuracy to yield discrete algebraic equations for each control volume. The volume fraction of solid phase is calculated using the QUICK scheme. The SIMPLE algorithm [16] is used in this study to couple the pressure and velocity.
The primary phase (gas) enters the computational domain through the inlets. The iterations are conducted alternatively between the primary and the secondary (solid) phases. The primary phase is updated in the next iteration based on the secondary phase calculation results, and the process is repeated. Unsteady flow calculations are performed.
The computations were conducted via two clusters with 12 nodes on each cluster. The physical iteration time step size is chosen to be 10 -4 seconds. Typically, 40,000 time steps are required in six calendar days to achieve convergence with 20 iterations in each time step.
The computation is conducted in transient mode. The results and analyses including a grid sensitivity study are presented in Part 2 of this paper.
CONCLUSIONS
In this paper, the design considerations of a conceptual mild gasifier were explained. The mild gasifier possesses a hybrid set of characteristics, utilizing features of both the entrained-flow and fluidized bed gasification processes. The draft tube is intended for driving quick pyrolysis and devolatilization processes and the fluidized bed is used to control the percentage of char gasification (partial or complete) as well as the degree of mild-gasification between zero gasification (pyrolysis only) and 100% full gasification.
To help guide continuous design iterations, a comprehensive multiphase reactive flow model has been developed to investigate the thermal-flow behavior and gasification process inside the preliminary conceptual mild gasifier. The Eulerian-Eulerian method is used to calculate the flow characteristics of both the primary phase (air and gaseous species) and the secondary phase (coal particles). The reason that the Eulerian-Eulerian method is adopted in this study instead of Lagrangian-Eulerian method is because the concentrations of coal particles are dense in the fluidized bed and tracking each particle with the Lagrangian method is not realistic given current computational capability.
The Navier-Stokes equations and seven species transport equations are solved with three heterogeneous (gas-solid) and four homogeneous (gas-gas) global gasification reactions with two volatile reactions. For each homogeneous reaction, both the Finite-Rate and Eddy-Dissipation reaction rate are solved, and the smaller of the two rates obtained is used. Complicated multiphase constitutive equations developed from kinetic theory are employed for calculating the effective shear viscosities, bulk viscosities, and effective thermal conductivities of granular flows to calculate the hydrodynamic and thermal interactions between the solid and gas phases. The inlet, exit, and wall boundary conditions are described, and the computation is conducted in transient mode. The results and analyses are presented in Part 2 of this paper.
